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Abstract
Dynamics maintaining diversity of cell types in a multi-cellular sys-
tem are studied in relationship with the plasticity of cellular states. By
adopting a simple theoretical framework for intra-cellular chemical reac-
tion dynamics with considering the division and death of cells, develop-
mental process from a single cell is studied. Cell differentiation process is
found to occur through instability in transient dynamics and cell-cell in-
teraction. In a long time behavior, extinction of multiple cells is repeated,
which leads to itinerancy over successive quasi-stable multi-cellular states
consisting of different types of cells. By defining the plasticity of a cel-
lular state, it is shown that the plasticity of cells decreases before the
large extinction, from which diversity and plasticity are recovered. After
this switching, decrease of plasticity again occurs, leading to the next ex-
tinction of multiple cells. This cycle of diversification and extinction is
repeated. Relevance of our results to the development and evolution is
briefly discussed.
keywords: metamorphosis, diversity, plasticity, stability
1 Introduction
In multi-cellular organisms, developmental process from a single cell in embryo
or a few homogeneous cells with multi-potency leads to an organism that consists
of various cell types. Furthermore, in some multi-cellular organisms such as
insects, the developmental process is generally accompanied by metamorphosis.
There, after a cell society consisting of specific distribution of some cell types
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is achieved and sustained over some time, a transition to a novel society of
distribution of different cell types starts through specific process. In other words,
there exists several multi-cellular states, each of which is regarded to be quasi-
stable distribution of cell types. In the event of metamorphosis, both the number
of cells and the number of cell types decrease drastically, and then a different
multi-cellular state is realized. After this “extinction”, adult organism makes
embryos again to form the next generation. In other words, developmental
process here passes through a rather restricted state that is different from the
original embryo. Through the process, adult body of each species is formed,
from which the next generation is reproduced. With this recursive production,
the life cycle is repeated.
In usual developmental process, cells successively lose the multipotency, that
is ability to produce a set of different cell types. This ability is regarded as a
degree of changeability of a cell, i.e., plasticity. As the development proceeds,
the number of cells and cell types increases, while the plasticity of cells generally
decreases. Through the metamorphosis, however, some cells recover the ability
to produce other type of cells, by regaining the plasticity.
In general, to consider the diversity of tissues and recursive production of a
multi-cellular organism, it is important to study how several stable distributions
of different cell types are formed, sustained, or collapsed. Then the following
two general questions are addressed:
1. What mechanism causes the transition between different quasi-stable states
with several cell types?
2. How is the switching process related with the plasticity of cellular states?
Our purpose in the present paper is to answer these questions in terms of dy-
namics of diversity and plasticity of cell types.
As for the first question, “isologous diversification theory” was proposed
[8, 9, 4, 5] as a theoretical framework for robust developmental process of multi-
cellular organisms. In these studies, dynamical systems approach is adopted,
to show that robust developmental process with various cell types emerges as
a result of interplay between intra-cellular dynamics and cell-to-cell interac-
tions. On the other hand, as is mentioned above, there are diversity at a tissue
level, i.e., different stable distributions consisting of different cell types, in a
usual multi-cellular organism. So far, however, spontaneous formation of sev-
eral quasi-stable states is not studied so much 1. Here we study the dynamics to
maintain the diversity of cell types and the emergence of switches among several
quasi-stable multi-cellular states. We show that all the cells change their states
drastically at each switch, accompanied by deaths of multiple cells.
As for the second question, we show that the plasticity of each cell decreases
with the increase of diversity of cell types, through the developmental process.
We discuss relationship between the two, and elucidate the switching mechanism
in terms of the diversity and plasticity.
For the present study, we first need to define plasticity of a cellular state.
1In ref[5], a preliminary study for a proto-type of the life cycle of multi-cellular organisms
is reported.
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Here we define it as changeability of a cellular state against external environ-
mental change. By choosing a specific model, this plasticity is computed ex-
plicitly. By studying a developmental process of cells in the model, we will also
find switches of multi-cellular states accompanied by multiple cell deaths. This
switching process will be shown to be tightly related with the loss of plastic-
ity. From extensive simulations, the long-term dynamics of cell society and the
plasticity we found are summarized as follows:
As the development progresses, several cell types with low plasticity increase
their number, which leads to extinction of several types of cells. This extinction
brings about a drastic change in environment surrounding cells. Accordingly,
internal states of all the surviving cells are changed. Then, different cell types
with high plasticity are generated. From this ‘undifferentiated state’, which is
similar as the initial state, a new cell society with a different set of cell types is
formed. In some case this cycle is repeated.
We show that the cycle of increasing and decreasing diversity and plasticity gen-
erally appears in our dynamical systems model. We reveal a general mechanism
underlying commonly in such process, and formulate it in terms of dynamical
relationship between diversity and plasticity of cell types.
For the purpose of the present study, we adopt a simple modeling frame-
work for internal chemical reaction dynamics, that is reaction-diffusion system
on “chemical species space” . By adopting this modeling, one can correspond
chemical concentrations with the fixed expression of genes, which is a common
representation for each differentiated cell type. We then discuss both the sta-
bility of realized cell states and their diversity.
The present paper is organized as follows. In the next section, we describe
the details of our model. We present the behavior of developmental process in
section III. The condition for the present model to show cell differentiation and
switching over several quasi-stable cell societies is presented there. In section
IV, we reveal a feedback process leading to this switching, and confirm the rela-
tionship between the switching and the plasticity of total cells. After presenting
some results on a control of multi-cellular state by external operations in sec-
tion V, we briefly mention the generality of the present result, and discuss its
relevance to development and evolution in section VI.
2 model
In this paper, we adopt a constructive modeling, by taking only some basic
features of a problem in concern, to answer general questions. Here, with regards
to diversity, stability and plasticity of cell states.
The basic strategy of the modeling follows the previous works [8, 9, 4, 5].
Cells with internal biochemical states compete for resources in the environment
for their growth. Following the growth or decrease of cell contents, a cell can
divide or die so that the cell number changes in time. Our dynamical systems
model consists of the following three parts:
• intra-cellular chemical reaction network
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• cell-cell interaction
• cell division and cell death
Now we describe each process. In Fig.1, we show the schematic representation
of our model.
• intra-cellular reaction network
In general, intra-cellular chemical reactions consist of the reactions both
of genes and metabolites. Genes are set to be on or off through the bio-
chemical reactions. This intra-cellular biochemical reaction constitutes a
network both of genes and metabolites, while the time scale for the reac-
tions among genes are relatively much slower than those of metabolites.
Here, simple intra-cellular chemical reaction dynamics is chosen as an ab-
stract model, so that it satisfies basic features described above.
First, we assume a reaction network consisting of many product and sub-
strate chemicals. Existence of these two types of chemicals, each consti-
tuting reaction networks, are inspired by the genes and metabolites in a
cell. The concentration of the j-th products in i-th cell is denoted by vji (t),
while that of substrates is denoted by uji (t). Here, product chemicals are
synthesized autocatalytically by consuming corresponding substrate chem-
icals. We adopt a variant of Gray-Scott model[7, 11] as this autocatalytic
reaction scheme2. In this paper, we mainly present the results of the case
where the number of chemical species is commonly set to K = 30.
In the model vji (t) is assumed to correspond to the degree of expressions
of a gene (or RNA), and uji (t) to concentration of a metabolite. Besides
the reaction dynamics between them, chemical concentrations may change
through the reaction dynamics within a gene network or metabolic net-
work. To take into account of such dynamics, we assume reversible reac-
tions in each of product and substrate chemicals, which form two reaction
networks. Each chemical is converted to other chemicals by a reversible
reaction given by the network. The reaction network is represented by a
reaction matrix W (i, j), which is 1 if there is a reaction from chemical i to
chemical j, and 0 otherwise. Since the reaction network is assumed to be
reversible, the matrix is symmetric, i.e., if W (i, j) = 1, then W (j, i) = 1.
Here, we adopt the same network for products and substrates, and also
assume that the network is composed of two reaction paths per chemical
to form a single closed-loop structure for simplicity.
The rate constant of reversible reaction Cu and Cv are assumed to be
common to all resources and all products, respectively. Moreover, we also
assume that Cu is larger than Cv, by considering the difference in the time
scales between metabolites and genes. These values are fixed throughout
the simulation. Then, these reversible reactions are regarded as ‘diffusion’
2Gray-Scott model is a reaction-diffusion system composed of two chemicals, substrate and
product. It is a simplified version of autocatalytic Selkov model that explains self-sustained
oscillation of glycolysis.
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on ‘chemical species space’, so that intra-cellular reaction between prod-
ucts and substrates is regarded as a one-dimensional reaction-diffusion
system[14]. In that representation, each attractor of intra-cellular reac-
tion dynamics corresponds to a cell state with a different genetic expression
pattern. Since developmental process in real cell system is elucidated as
spontaneous cascading processes with different gene expression patterns,
we study how different cellular states are selected by including the devel-
opmental process to the model.
• cell-cell interaction
Assuming that environmental medium is completely stirred, we can ne-
glect spatial variation of chemical concentrations in it, so that all the cells
share the spatially homogeneous environment. Here we consider only the
diffusion of resource chemicals through the medium as a minimal form
of interaction. In this model, we assume that only substrate chemicals
are transported through the membrane as resources, in proportion to the
concentration difference between the inside and the outside of a cell. All
the resource chemicals have the same diffusion coefficient Du. Each cell
grows by taking resource chemicals from the medium and transforms them
to product chemicals. U j is the concentration of j-th resources in the
medium. Resource chemicals in the medium are consumed by cells, while
we assume that resource chemicals are supplied from external material to
the medium, with the rate proportional to the difference between the con-
centration in the bath and the medium. Again, all the resource chemicals
have the same diffusion coefficient DU in the medium. The concentrations
of all resources in the material bath, U are set to be 1. The parameter
V ol0 is the volume ratio of a medium to a cell, and N is the number of
cells.
• cell division and cell death
Each cell gets resource chemicals from the medium and grows by trans-
forming them to the product chemicals. Here we assume that cell volume
(denoted by V oli for cell i) is proportional to total amount of product
chemicals. For each time step in temporal evolution, we count the change
of product chemicals, that is, the change of total cell volume, and each
chemical concentration becomes to be normalized by the factor. When the
cell volume becomes twice the original, then the cell is assumed to divide,
while if it is less than half the original, then the cell is put to death. In real
biological system, cell division occurs after replication of DNA (which has
smaller diffusion coefficient and cannot penetrate through the membrane).
Hence these assumptions are rather natural. After cell division, each cell
volume is set to be half, and each cell is divided into two almost equal cells,
with some fluctuations. To be concrete, chemical concentration a (a is a
representation of u, v) is divided into (1 + η)a
(j)
i and (1 − η)a
(j)
i respec-
tively, where η is a uniform random number over [−10−3, 10−3]. These
fluctuations can give rise to a small variation among cell states, which
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eventually leads to cell differentiation by being amplified through cell-cell
interaction.
Accordingly, the concentration change of each chemical species is given by
∆uji (t) = Du(U
j(t)− uji (t)) − u
j
i (t)v
j
i (t)
2
∆vji (t) = u
j
i (t)v
j
i (t)
2 −Bvji (t) (1)
duji (t)/dt = ∆u
j
i (t) + Cu
K∑
k=1
W (j, k)(uki (t)− u
j
i (t))− u
j
i (t)dV oli(t)/dt
dvji (t)/dt = ∆v
j
i (t) + Cv
K∑
k=1
W (j, k)(vki (t)− v
j
i (t))− v
j
i (t)dV oli(t)/dt
dU j(t)/dt =
Du
V ol0
N∑
i=1
(uji (t)− U
j(t)) +DU (U − U
j(t))
dV oli(t)/dt =
∑K
j=1 ∆v
j
i (t)∑K
j=1 v
j
i (t)
V oli(t)
Here, the last term for each equation for duji (t)/dt and dv
j
i (t)/dt represents the
dilution of concentration by the increase of the volume.
In the model introduced above, a single cell has many fixed-point attractors,
in contrast to the previous studies [8, 9, 4, 5], where a single cell can take only
one or a few attractors. Many stable cellular states are realized accordingly, that
correspond to different cell types. Furthermore, as will be shown, by cell-cell
interaction, cells are differentiated to take different chemical compositions.
3 Developmental process with cell division and
cell death
The behavior of a single cell state depends on the bifurcation structure of the
reaction-diffusion system on ‘chemical species space’ mentioned above. In the
region where uniform steady state becomes unstable, a single cell state has mul-
tiple attractors. The dependence of the number of attractors on the number of
chemical species is expected to be exponential, which is verified in numerical
simulations(data not shown). Based on these results, we discuss developmental
process with the change of cellular states under the process of cell division and
cell death. We study a coupled dynamical system, where the intra-cellular state
and the inter-cellular interaction are mutually influenced. By cell-cell interac-
tion, a homogeneous cell society of a single cell attractor may be destabilized,
so that novel states may appear. We study such cell differentiation processes
here.
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3.1 Initial conditions and methods
In all the simulations, we mainly set the parameters Cu = 2.0, Cv = 0.020,
Du = 0.50, DU = 1.0, V ol0 = 3.0, B = 0.060. These values of B ∼ Cv
correspond to one of typical values at which the original Gray-Scott model in
one-dimensional space forms a self-replicating spot pattern, so that our model
also shows such pattern dynamics. Initial condition of the first cell is chosen
as uji (0) = 0.50 and v
j
i (0) = 0.250 + 0.01 × rand(j), where j = 1, 2, ...,K and
rand(j) is a uniform random variable over [-1,1], although this specific choice is
not important.
3.2 Cell differentiation
Now we show an example of the differentiation process. Fig.2 shows a typical
temporal evolution of the concentration of vj(j = 1, ..,K) for all the cells start-
ing from a single cell, in which cell differentiation occurs. A series of snapshots
are shown by using a gray scale for the concentration of product chemicals. Each
group of distinct cellular states with a different set of values vji corresponds to
a quasi-stable cell type, which makes recursive production. (Time for repro-
duction is much longer than typical transient time to reach each quasi-stable
state.) The figure also includes the cell states that appear at a later stage of the
temporal evolution(Fig.2(f)). There exist eleven types, all of which are fixed
points. Under the instability of transient state of cells, small fluctuations in
cell division process are amplified through the competition for resources in envi-
ronment among all the cells, which leads to cell differentiation. From extensive
simulations of the present model, the necessary conditions for cell differentiation
are summarized as follows 3:
(1) Inter-cellular interaction is stronger than some threshold.
(2) The ratio of the reaction rates for uj to that for vj , i.e., Cu/Cv, is in the
intermediate range.
(3) The number of chemicals is larger than some threshold.
Details on these conditions are shown in appendix.
3.3 Switching between quasi-stable ensembles consisting
of several cell types
Next we investigate the long time behavior of cell differentiation process. We
show an example of typical temporal evolution by plotting existing cell types
and their population at every 1000 time unit in Fig.3. A multi-cellular state
consisting of several cell types is formed at a very early stage, and is maintained
over a long period, which is much longer than typical transient time of a single
cell state. Then a sudden crisis occurs, and after some generations, a new multi-
cellular state with different cell types is recovered. This crisis is accompanied
3If we set our initial condition of the first cell exactly on an attractor of a single cellular
state, differentiation does not occur. In this case, cells will go extinct after several divisions.
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by the decrease of the cell number and diversity in cell types. This switching
between diversification and extinction can occur repeatedly.
4 Further Analysis of the switching process
4.1 quantitative characterizations of the plasticity of cell
types
Now we investigate the switching among several quasi-stable multi-cellular states
in more detail. We define recursiveness of each cellular state through the repro-
duction, by comparing the average concentrations of product chemicals between
a mother cell and its daughter cell. This similarity of chemical compositions be-
tween a mother and its daughter cell is defined as follows. Let
−−−→
Vi(n) denote
the vector representation of all the average concentration of product chemicals
(vji ) of the i-th cell between (n-1)-th and n-th cell division, that are denoted
by vji for j = 1, 2...,K. As an index for the recursiveness of cellular state, we
introduce an inner product denoted by Hi(n) between
−−−→
Vi(n) and
−−−−−−→
Vi(n− 1).
Hi(n) =
−−−→
Vi(n)·
−−−−−−→
Vi(n− 1)
|
−−−→
Vi(n)||
−−−−−−→
Vi(n− 1)|
,
−−−→
Vi(n) = (v1i , v
2
i , ..., v
K
i )
If Hi(n) ≈ 1, the cell is regarded to keep the same type between successive
cell divisions, that means recursive reproduction. In the present model, each
differentiated cell type is represented as distinctly separated chemical states of
cells where each cell type can produce its own type recursively. The cell differ-
entiation processes in our model are well represented with these two quantities,
by which we can distinguish all cell states correctly.
Next we introduce a measure of plasticity of cell type to study the switching
process in terms of the temporal change of plasticity of cell types. Here we
define the plasticity of each cell type as changeability of the cell state against
environmental fluctuations, which are the change of concentrations of resource
chemicals in the environment caused by cell divisions and deaths. We charac-
terize the plasticity of cell state in the following manner:
First we take v(o)i
j
, the concentration of j-th product chemical of the type i
cell, while we define v(f)i
j
as the concentration of j-th product chemical of the
attractor of the cell type i by eliminating cell division and death processes, to
check the attractor state at the fixed environment. Then we define the “attrac-
tor distance” Disti of the type i cell, as the Euclid distance between v(o)i
j
and v(f)i
j
, namely, Disti =
√∑K
j=1 (v(f)i
j
− v(o)i
j
)2.
As the distance is smaller, the cell type is closer to a specific attractor reached
under a fixed environment by fixing cell-cell interactions.
Now, we conjecture that
(1)the cell plasticity (changeability) is characterized by this attractor dis-
tance (i.e., distance from an attractor) and that
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(2) the potentiality of differentiation decreases as this attractor distance is
smaller.
We will demonstrate these conjectures by measuring the temporal flucutua-
tions of cells and frequency of differentiation.
conjecture (1): First, we note that the plasticity of a cell means the change-
ability of the state against the environmental change. Here, the conjecture
means that this changeability is smaller as the state is closer to a given attrac-
tor. In the present system, the environment fluctuates accoding to the birth
and death of surrounding cells. Hence, the changeability against environment
is computed by the temporal fluctuations of chemical compositions of each cell
type. (Such relationship between flucturation and response agaisnt environ-
ment is known as fluctuation-disspiation theorem in physics, and is extened to
a biological system recently[12].)
Hence, we demonstrate the conjecture (1) by checking if there is positive
correlation between the attractor distance and the degree of temporal fluctua-
tions of each cell state. We compute the temporal fluctuation of each cell type
for some periods where several cell types coexist stably in each temporal evolu-
tion. This temporal fluctuation of each cell type is computed as the difference
of chemical concentrations (i.e., Euclid distance) between two cells at a given
time span. Here we take the time span t = 1000, and temporal fluctuations are
calculated from the average over 100 data samples. An example of this tempo-
ral fluctuation plotted as a function of the attractor distance is shown in Fig.4,
which shows positive correlation between the two. We investigate other data
over ten periods from five temporal evolutions including an example of Fig.3,
and all of them show positive correlations. (The correlation coefficient ranges
from 0.46 to 0.84.) This result shows positive correlation between the tempo-
ral fluctuations of the chemical concentrations of a cell type and its attractor
distance.
Conjecture (2): The second conjecture will be confirmed by the positive
correlation between the attractor distance and the frequency of the occurrence of
re-differentiation event when a cell enesmble consisting of cells of this single cell
type are put to a new environment. We compute the average of this frequency
for each cell type, over cells within a given range of attractor distance. The
relationship between the frequency of re-differentiation and the attractor, thus
obtained, is plotted in Fig.5, using the same data as above. 4 As shown in Fig.5,
there is a sigmoidal function dependence, between the attractor distance and the
frequency of re-differentiation. There is a threshold for the attractor distance
below which the corresponding cell type loses the ability of re-differentiation
drastically. 5
4Here the population of each cell type is set to be 80. If the number is much larger, the
homogeneous cell ensemble grown from the group goes extinct by the lack of the resources.
On the other hand, if the number is much smaller, then the effect to internal cell states caused
by the change of the environment is so large that the cells lose the original character when
they are selected. Hence we choose this medium number for cell population.
5This also supports the initial condition dependence of cell differentiation event mentioned
previously.
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By summing up these two results, it is confirmed that the attractor distance
introduced above is valid as a measure of plasticity of cell type.
4.2 Mechanism for switching through extinction of many
cells
Now we discuss the switching with multiple cell deaths in relationship with the
loss of plasticity.
First, we summarize our results discussed here as the following scenario: At
each stage of given quasi-stable multicellular states, cell types with different
degrees of plasticity coexist. Then at each stage, cell types with relatively
high plasticity (i.e., with larger attractor distance) differentiate to other cell
types with lower plasticity, so that the ratio of cell types with lower plasticity
increase gradually. Then the distribution of cell types allowing for effective use of
resource chemicals is destroyed, resulting in extinction of many cell types. With
these multiple deaths, the concentrations of environmental resource chemicals
change drastically, leading to re-differentiation of some of surviving cells with
low plasticity into a new state with high plasticity. Then, emergence of novel cell
types with high plasticity gives rise to a novel multi-cellular state, and effective
use of resources becomes possible again. With this drastic change, switch to a
novel multi-cellular state follows.
This scenario is verified by computing the temporal change of the following
five quantities using the data for the temporal evolution of Fig.3: the total di-
versity of cell types (Fig.6(a)), the average recursiveness of cell types over all
cells (Fig.6(b)), the total number of cells (Fig.6(c)), the average of attractor
distances over all of the existing cell types at each moment(Fig.7(a)) and the
number of cells at each bin of attractor distances(Fig.7(b)). As shown in Fig.6
and Fig.7, the average attractor distance as well as the number of cell types
decreases first. With these decreases, the recursiveness of cells increases on the
average. Then, the attractor distance and the number of cell types stays at low
values, and almost complete recursive production is sustained, since the most
existing cells have low plasticity. After slight decrease of the attractor distance
and diversity, then, these two values go up to higher values, accompanied by
multiple cell deaths and switching of cell types. Now, high plasticity and di-
versity of cell types are recovered. After this recovery, the attractor distance
and diversity again decrease gradually, until the next multiple cell deaths occur.
This cycle consisting of the decrease of diversity, extinction, and recovery is
repeated.
Although we show only one example here, qualitatively the same behavior is
generally observed at each switching event in the present model. The scenario
mentioned above is rather universal.
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5 Transition of states by external operations
So far, we have studied the switching process with regards to relationship be-
tween diversity and plasticity of cell types. In this section, we study the behavior
of the present cell system after some kind of operation is applied to the cell sys-
tem. First we add noise into intra-cellular chemical reactions. Here the noise
is regarded as the fluctuation of the number of molecules, and is assumed to
be Gaussian white noise. The stochastic differential equations for resource and
product chemicals in a cell are expressed by adding a noise term to the ordinary
difference equations (1);
∆vji (t) = u
j
i (t)v
j
i (t)
2 −Bvji (t) + η
√
vji (t)
∆vji (t) = Du(U
j(t)− uji (t))− u
j
i (t)v
j
i (t)
2 + η
√
uji (t).
Here η is a Gaussian white noise satisfying 〈η(t)η(t′)〉 = σ2δ(t− t′).
We study how developmental process changes with the change of the noise
amplitude. When the noise amplitude is too large, multi-cellular states change
almost randomly in time. If the amplitude is small, stable multi-cellular states
of several cell types are formed eventually, and the switching process does not
appear any more. An example of such long time behaviors is plotted in Fig.8,
and the corresponding change of the average attractor distance is also plotted
in Fig.9. Starting from different initial conditions, different multi-cellular states
consisting of different cell types are realized, which have different plasticity.
It is now shown that multi-cellular states (with relatively low plasticity) are
stabilized by the noise.
Next we study the behavior against external change of the environment. As
an example, we decreased the supply of some resource chemicals. The change
of multi-cellular states as a result of the restriction of some resources is shown
in Fig.10. When concentration of five chemical resources are reduced, given
by the arrow in the figure, the original cell types that have low plasticity be-
come unstable, and some of the cell types regain the plasticity. Then the cell
differentiation process is restarted, leading to a novel multi-cellular state. The
corresponding change of the average attractor distance is also plotted in Fig.11,
which clearly shows that the plasticity is regained by the external change of en-
vironment. Thus, a multi-cellular states that was stable and fixed is destabilized
by external operation, which leads to the change of environment.
6 Summary and discussion
In this paper, we have studied a dynamical systems model of developmental
process, by introducing a new framework, namely, reaction-diffusion system
on ‘chemical species space’ for intra-cellular chemical reaction dynamics. By
taking the developmental process into account further, it is shown that cells are
differentiated into several types. The condition for the cell differentiation by
cell-cell interaction is obtained.
As a long-term behavior, we have found the switching over several multi-
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cellular states that maintain diverse cell types. In each multi-cellular state,
diverse cell types coexist to reduce the competition for chemical resources, while
the switching is characterized by multiple cell deaths arising from the loss of
diversity of cell types and higher competition for the resources. This switching
behavior is first discovered in the present model.
Then, we propose that this switching behavior is characterized by the loss of
plasticity of total cells, that is a general consequence of our dynamical systems
theory. The irreversible loss of plasticity is a general course in the developmental
process, i.e., differentiation from a cell type with relatively high plasticity to that
with lower plasticity, so that the ratio of cell types with lower plasticity increases
gradually. Then, effective use of resource chemicals by a suitable distribution
of different cell types is destroyed, which leads to multiple cell deaths. Drastic
change of the composition of environmental resource chemicals is resulted. Cells
with low plasticity are replaced by those with high plasticity. As a result, a new
multi-cellular state with novel cell types is generated. This process is repeated.
Schematic representation of the above scenario is summarized in Fig.12.
The existence of several quasi-stable multi-cellular states is important to
consider the origin of several tissues in multi-cellular organisms. In multi-cellular
organisms, several tissues coexist that are represented as a cell ensemble with a
different composition of consisting cell types, with a common gene set. Then,
the switching over several multi-cellular quasi-stable states will be important to
study how the life cycle of a multi-cellular organism is formed. As a first step
toward such study, we impose some external change to the system to make a
transition between different multi-cellular states. In future, the search for a rule
of transitions between successive multi-cellular states will be important. The
dynamics of metamorphosis can be discussed along the line.
In our switching process, all cells with low plasticity are changed to those
with high plasticity, through multiple, simultaneous cell deaths. In real meta-
morphosis, such kind of “extinction” of many cells is also observed generally, as
seen for example in insects. According to our results, fluctuations of cell states
have positive correlation with the plasticity of cell types.
The present scenario of loss of plasticity and recovery by multiple cell deaths
can be experimentally verified, by measuring the gene expression as indicators
of chemical concentrations. One can measure the variance of gene expressions,
for example by using flourscent protein and cell sorter, during the course of
the developmental process. Consider generally growth of a colony of cells. By
measuring the change of variance of gene expressions over cells[3, 1, 6] through
the developmental process of cells, one can examine whether there is a decrease
in fluctuations, and moreover, whether there is a recovery when nultiple cell
deaths lead to a novel ensemble of cells, as in the event of metamorphosis.
In the present paper, we discussed spontaneous cell differentiation and switching
processes in a well-stirred medium, i.e., in a spatially homogeneous medium. To
discuss morphogenesis with spatial pattern formation, it will also be interesting
to include spatial inhomogeneity in the medium.
The present results also have some implications to the evolution. Indeed,
one can extend our model to regard each unit as an organism, instead of a
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cell, and include genetic change (mutation) as that of parameters in the model.
With this extension, different types in our model can be regarded as different
species. Indeed, a theory of sympatric speciation with using phenotypic plas-
ticity is recently proposed along this line[10, 13]. In a preliminary study of the
present model including genetic mutation process, we have observed sympatric
speciation process to form several species, while with this process, the plasticity
of each species defined in this paper decreases. With this extension, successive
extinction events of some cell types in the present model correspond to mass
extinction of species through evolution. Note that in the theory of punctuated
equilibrium[2], evolution process consists of long quasi-stationary regime and
rapid temporal change accompanied by extinctions, as discussed above.
Here, the recovery of plasticity of species after extinction of many cells is
relevant to open-ended evolution, as will be discussed elsewhere.
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A The condition for cell differentiation
Here we study conditions for cell differentiation. First, we study the initial
condition dependence of differentiation event. As is mentioned above, it is
necessary for an initial cellular state not to be exactly at an attractor of a single
cell. If we start precisely from an attractor of a single cell state, then the cells
that are derived from its successive divisions cannot differentiate. Once the
state is on an attractor, the cell division gives two identical cells, as long as the
fluctuation in cell division is not large to make different attractor. Then, with
the increase of cell numbers, all the cells compete for the same resources, and
eventually they come to the stage that all the cells cannot take enough resources
leading to the decrease in the chemical contents in a cell. Hence all the cells die,
almost simultaneously at some stage. On the other hand, cell differentiation,
however, generally emerges as long as the initial condition is not chosen precisely
on an attractor of a single cell state.
Second, we study dependence of the differentiation frequency on Cv/Cu, the
ratio of the time scale of species-changing reaction among resource chemicals to
the one among product chemicals. We changed the parameter Cv from 0.002 to
20 while fixing Cu = 2.0.
If Cv is much smaller than Cu, all the cells increase their number with keeping
almost the same chemical composition, and competition for the resources is too
strong for cells to survive. Whereas, if Cv is a comparable order of Cu, all the
cells take the same uniform state with uj 6= 1 and vj 6= 0, so that extinction
event occurs. Cell differentiation events occur most probably in the intermediate
case between above two cases.
Third, we study the dependence of differentiation event on the strength of
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interaction between cell and environment. As an index of it, we change the
parameter Du from 0.1 to 1.9. For Du ≤ 0.4, cell-cell interaction is too weak to
amplify small differences among cell states, so that differentiation event cannot
occur. Hence it is necessary that the strength of cell-cell interaction is stronger
than some threshold value.
Fourth, we study the dependence of differentiation event on the number of
chemicals K. The frequency of cell differentiation rises with the increase of K.
Hence it is necessary that the number of chemicals is larger than some value.
The necessary conditions for cell differentiation obtained in this appendix are
summarized in Sec.III.B:
(0) Initial condition is not set to be exactly on an attractor of a single cell.
(1) Inter-cellular interaction is stronger than some threshold.
(2) The ratio of the reaction time scale among uj to that among vj is in the
intermediate range.
(3) The number of chemicals is beyond some level.
14
References
[1] Blake, J. W., Kaern, M., Cantor, C. R., Collins, J. J., 2003. “Noise in
eukaryotic gene expression,” Nature 422 633.
[2] Eldredge, N., Gould, S. J., 1972. “Punctuated equilibria: The tempo and
mode of evolution reconsidered,” in Models in Paleobiology(ed. Schopf, T.
J. M.), Freeman.
[3] Elowitz, M. B., Levine, A. J., Siggia, E. D., Swain, P. S., 2002. “Stochastic
gene expression in a single cell,” Science 297 1183.
[4] Furusawa, C., Kaneko, K., 1998a. “Emergence of rules in cell society: Dif-
ferentiation, hierarchy, and stability,” Bull. Math. Biol. 60 659.
[5] Furusawa, C., Kaneko, K., 1998b. “Emergence of multicellular organisms
with dynamic differentiation and spatial pattern,” Artificial Life 4 79.
[6] Furusawa, C., Suzuki, T., Kashiwagi, A., Yomo, T., Kaneko, K., preprint.
[7] Gray, P., Scott, S. K., 1984. “Autocatalytic reactions in isothermal, con-
tinuous stirred tank reactor: oscillations and instabilities in the system
A+2B→3B,B→C,” Chem. Eng. Sci. 39 1087.
[8] Kaneko, K., Yomo, T., 1997. “Isologous diversification: A theory of cell
differentiation,” Bull. Math. Biol. 59 139.
[9] Kaneko, K., Yomo, T., 1999. “Isologous diversification for robust develop-
ment of cell society,” J. Theor. Biol. 199 243.
[10] Kaneko, K., Yomo, T., 2000. “Sympatric speciation: Compliance with phe-
notype diversification from a single genotype,” Proc. Roy. Soc. B 267 2367.
[11] Pearson, J. E., 1993. “Complex patterns in a simple system,” Science 261
189.
[12] Sato, K., Ito, Y., Yomo, T., Kaneko, K., Proc. Nat. Acad. Sci. USA, in
press
[13] Takagi, H., Kaneko, K., Yomo, T., 2000. “Evolution of genetic code through
isologous diversification of cellular states,” Artificial Life 6 283.
[14] Turing, A. M., 1952. “The chemical basis of morphogenesis,” Phil. Trans.
Roy. Soc. B 237 37.
15
synthesized autocatalytically
role in cells
source of supply
environment
interaction in each 
chemical species
time scale
cell division
cell death
resource product
metabolite(U) gene(V)
flow from the environment
species-exchanging reaction species-exchanging reaction
faster slower
exist not exsist
when total V becomes twice
when total V become half
material
bath
tank
U1
U2 U3
U4U5U6
V1
V2
V4
V6
V3
V5
cell
medium (U)
(spatially homogenous)
‘Gene’
‘Metabolite’
(inside of cell)
‘diffusion’
autocatalytic reaction
struggle for resources among cells
cell division
cell death
(symmetrical = ‘diffusion’)(symmetrical = ‘diffusion’)
Figure 1: Schematic representation of our model.
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Figure 2: An example of the time series of all the cells. Snapshot patterns of the
concentrations of all the product chemicals are overlaid with a gray scale at every
t = 50((a)∼(e)) except for (f)(at t = 10000). The horizontal axis represents the
number of product chemicals, whereas the vertical axis represents the indices
of cells, which are sorted so that the cells of the same type are aligned. Unless
otherwise mentioned, we adopt the parameter values A = 0.020,B = 0.060,
Cu = 2.0, Cv = 0.020, Du = 0.50, DU = 1.0, V ol0 = 3.0 and K = 30 for later
figures.
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Figure 3: An example of the long time behavior of cell differentiation process. Sim-
ulation is carried out up to t = 1000000 starting from a single cell, while the data for
the total cells are sampled by every 1000 time, to classify all cell types and to get the
temporal change of population of each cell type. All cell types are shown in the order
of their appearance; a cell type that appears earlier in the simulation has a smaller
index for the cell type. The population of each cell type is represented with a gray
scale. Here the unit time of the figures is 1000.
18
0.05
0.06
0.07
0.08
0.09
0.1
0.5 1 1.5 2 2.5
flu
ctu
ati
on
attractor distance
Figure 4: An example showing the relation between the attractor distance and the
temporal fluctuation of each cell type. Over a period when several types coexist stably
in a temporal evolution, we measured the temporal fluctuation of each cell type as the
Euclid distances of chemical concentrations between two cells of the same type, chosen
at different time, separated by a time span t = 1000. The temporal fluctuations are
computed over 100 data samples, and the average over the samples are plotted.
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Figure 5: The relation between the attractor distance and the frequency of re-
differentiation. We compute attractor distance of all the cell types appeared in each
temporal evolution, and take an ensemble of cells whose members have the same
initial condition. This cell ensemble is put into a new environment to check whether
cell differentiation occurs or not. By sampling the data for the attractor distance by
0.1 bin size, we compute the average ratio of the frequency of re-differentiation event
for each bin, to get the relationship between the differentiation ratio and the attractor
distance.
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Figure 6: (a):Temporal change of the number of cell types. (b):Temporal change of
the average recursiveness over all cells. (c):Temporal change of the total cell number.
We computed all the quantities for the data given in the temporal evolution of Fig.3.
Here the unit time of the figures is 1000.
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Figure 7: (a):Temporal change of the average attractor distance. The average at-
tractor distance is obtained by averaging over all existing cells. (b):Temporal change
of attractor distances of all the cell types existing simultaneously are plotted with
their population. We computed all the quantities for the data given in the temporal
evolution of Fig.3. Each time when extinctions of many cells occur is shown by the
arrow. Here the unit time is 1000.
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Figure 8: An example of the long time behavior of cell differentiation process by
adding noise with the amplitude 0.00010. Simulation is carried out up to t = 1000000
starting from a single cell, while the data for the total cells are sampled by every 1000
time, to classify all cell types. The initial condition and method for the classification
of cell types are mentioned in the text. All cell types are shown in the order of their
appearance; a cell type that appears later in the simulation has a larger index for the
cell type. The population of each cell type is represented with a gray scale. Here the
unit time is 1000.
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Figure 9: The time series of the average attractor distance, corresponding to the
temporal evolution of Fig.8. Here the unit time of the figures is 1000.
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Figure 10: An example of the temporal behavior of cell differentiation process after
external change of environmental resources shown by the arrow. Initially, cell distri-
bution was given by the quasi-stable multi-cellular state at t = 106 in the simulation
of Fig.8. Then, the simulation is carried out up to t = 50000, by reducing the supply
of five resource chemicals at t = 5000, as shown by the arrow. The states of all cells
are sampled by every 1000 time unit, to classify all cell types. The method for the
classification of cell types is mentioned in the text. Here, indices of cell types are
numbered in the order of their appearance. The population of each cell type at each
time is represented with a gray scale.
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Figure 11: The time series of the average attractor distance, corresponding to the
temporal evolution of Fig.10. Here the unit time of the figures is 1000.
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Figure 12: Schematic representation of our scenario for the mechanism to keep the
diversity of cell types.
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Figure 13: The frequency of cell differentiation plotted as a function of the parameter
Cv with fixing Cu = 2.0. For each point of the figure, we took 20 different initial
conditions, and carried out simulations up to t = 20000, to check the differentiation.
Plotted are the number of events with cell differentiation.
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Figure 14: The frequency of cell differentiation plotted as a function of the parameter
Du. The parameter Du is changed from 0.1 to 1.9 with the bin size 0.2. For each point
of the figure, we took 20 different initial conditions, and carried out simulations up
to t = 20000, to check the differentiation. Plotted are the number of events with cell
differentiation.
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Figure 15: Dependence of cell differentiation on the number of chemicals K. We
study the cases with K = 8, 10, 12, 14, 16 and 18. For each point of the figure, we
take 20 different initial conditions and carry out a simulation up to t = 20000 with
the same parameters mentioned in the text. Accordingly we plot the number of the
event where cell differentiation occurs.
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